The invention of the Artificial Kidney
In 1940, in the Netherlands, during World War II and the German occupation of the Netherlands, in the small city of Kampen ( Fig. 1) , I bought all the cellophane tubing (that is artificial sausage skin) that I could, because cellophane tubing is an excellent dialyzing membrane, and I wanted to make artificial kidneys.
Earlier in Groningen, I had put a little bit of blood in a piece of cellophane tubing about 50cc long, and I shook it up and down in a bath with saline ( Fig. 2) . I had added 400 mg percent of urea to that blood and found that within five minutes practically all the urea was removed by dialysis.
I did not realize before that dialysis could be such a fast process. You must have a small volume of blood, a large dialyzing surface area, and both the blood and the dialyzing fluid must move continuously (1) .
Multiplying this length by 20, I knew that we had to construct an artificial kidney that would have at least ten meters of Cellophane tubing. I wrapped it around a rotating drum in a spiral fashion ( Fig. 3 ). As the drum rotated, gravity forced the blood in the Cello- It had about 23,000 inhabitants at that time, and it also had 23,000 inhabitants during the War when we built the first rotating drum artificial kidney there. phane tubing to seek the lowest point; it would run through the Cellophane spiral from left to right and go in and out of the drum through the hollow axle.
In 1943, we treated our first patient with uremia She was a twenty-eight year old woman, who was quite miserable with chronic renal failure ( Fig. 4 ). We first dialyzed one-half liter of blood; waited 48 hours to see what would happen, and since nothing terrible happened, we took a little more blood and dialyzed it.
We gradually took more blood; then after we dialyzed 20 liters of blood we could see a distinct drop in the blood urea level of this patient. During the twelfth attempt at dialysis in this patient, we ran out of blood access places. It was 17 years later that Dr. Belding Scribner introduced the Scribner-Clinton arteriovenous shunt, which made dialysis of patients with chronic uremia practical.
When we saw that dialysis was able to not only remove retention products such as urea, creatinine and so on, but also improve the patient's condition, After the War, I gave these artificial kidneys away we made a number of artificial kidneys so that this technique could be applied after the war.
Since aluminum was no longer available, we produced wooden drums around which the Cellophane tubing could be wound. We stored these artificial kidneys in various places in the City so that if bombs would fall not all of them would be destroyed at One was sent to the Hammersmith Hospital in London; one to the Royal Victoria Hospital in Montreal, and one to Mt. Sinai Hospital in New York City.
With the use of these artificial kidneys, it was proved that other people besides the Dutch could also be treated with hemodialysis.
The largest amount of urea I ever removed from one patient was 263 grams ( Fig. 5 ). This was from a large man with a blood urea of 800 mg/100 ml, and there was an acute drop in his blood urea. I recall that he was semicomatose when he came in; the following day I found him reading a newspaper. However, he did die later on. To give you an impression of just how much 263 grams are, it is enough to fill a good size jam pot.
I sometimes pour a small amount of urea on a table and invite anyone who believes urea is nontoxic to eat it and then tell me how he feels afterwards. stainless steel version cost $6,000, but it worked equally well. It has been very difficult to reduce the cost of dialysis although I have continuously tried to do so.
Twin-Coil Artificial Kidney
In 1955, realizing that nothing is popular in the United States unless it is disposable, Dr. Bruno Watschinger and I made a disposable twin-coil artificial kidney ( Fig. 7) (2). It consisted of a fruit juice can around which several layers of window screening were wound. Spacers were provided in between the layers of screening, and cellophane tubing (artificial sausage skin) was held in place properly ( Fig. 8 ). We had a special sewing machine to sew this material, after which it was wound around fruit juice cans.
I gave the rights of this twin-coil artificial kidney to Baxter Travenol, who soon distributed them worldwide. It formed the basis of their Artificial Organs Division. At that time, it was considered unethical for a physician to gain any financial reward from his invention. Had I been able to receive (for my research laboratory) 2-1/2 cents for every twin-coil artificial kidney sold, I would never have needed to write another grant application. 
Membrane Oxygenator
When you looked at blood while it was rotating in the rotating drum artificial kidney, you could see it was blue when it went into the machine, and became red as it came to the other end. This demonstrated clearly that an artificial kidney is also an oxygenator.
We rolled out the twin-coil artificial kidneys in the hallway, pulled out the Cellophane tubing, and replaced it with polyethylene tubing. We then had membrane oxygenators (3).
These were the first membrane oxygenators that were clinically successful, and Travenol made them for us. 'Presently, I believe 100,000 people in the United States alone are treated with heartlung machines for open heart surgery using membrane oxygenators. Their use is ever increasing.
Life and Death Committee
Around 1960, when Dr. Belding Scribner introduced his arteriovenous shunt cannulas for the treatment of chronic uremia, a problem arose when there were more candidates for chronic dialysis than there were artificial kidneys available.
One solution, which I have always opposed, was the institution of selection committees. There were two. First, a medical committee asked such questions as, "Is this patient an emotionally mature adult"? And then there was a lay committee which asked, "Is he married; is he divorced; is he employed; does he have children; does he go to church"? I compare this selection committee with the paintings done by Michelangelo in the Sistine Chapel or Peter Paul Rubens (in Munich), where you see the Lord presiding over the "Last Judgment". The people needing dialysis are clambering up on the left side of the picture; those who are approved can stay in Heaven; those who are not approved, go to Hell.
Washing Machine Kidney
I tried to find another solution for this problem, and that was to make artificial kidneys which would be very inexpensive. To this extent, we made a small, wind-it-yourself machine so that patients given a roll of screening, which they could reuse, could wind their own artificial kidneys at home (Figs. 9, 10 ). We used the type of screening~hich was introduced by Hoeltzenbein, which did not require spacers. We then followed the advice of Dr. Yuki Nose, and put four of those small artificial kidneys in a May tag washing machine. By doing this, Dr. Sat Nakamoto and I were able to send 28 patients home for a total cost of $265 each.
These patients were provided with all the machinery they needed (including a May tag washing machine), enough cellophane tubing to wind their own coilkidneys, and enough salts to make their own dialyzing fluid for three months -all this for a cost of $265.
Things went very well until the May tag Company sent their lawyer to see me, who explained that if one of my patients was to die on their washing machine, they might be sued.
The lawyer told me that Maytag was not in this kind of business and from that moment on, I had to buy the artificial kidneys on the "black market". I became sick and tired of this practice; so when I came to Salt Lake City in 1967, I persuaded the Job Corp to use their technology to make rocket nose cones for us. These nose cones could be used very well for the 100-1iter dialysis tan k of the artificial kidney (Fig. 11 ).
Wearable and Single Needle Dialysis and Dialysis in Wonderland
A few years later, Dr. Stephen Jacobsen and his team produced the wearable-type of artificial kidney for us (4) . The first one had reciprocating blood pumps and a single-needle device. The single needle principle had been developed in our lab with Dr. Klaus Kopp (5) . Using these wearable artificial kidneys, we could send people for a trip down the Colorado River in rafts. In this photograph (Fig. 12) , one of our patients, Teresa Peterson, is dialyzing herself on one of the little sandy shores on the banks of the Colorado River. This was the most successful rehabilitation program to prove to people who have a kidney problem that nevertheless, life still has much to offer. We sent patients to Lake Powell on a houseboat, to Yellowstone Park, for hikes in the Canyonlands National Park, to Saint Croix, and to Hawaii.
Kidney Transplantation and Peritoneal Dialysis
When Dr. George Dunea summarized our experiences with kidney transplantation at the Cleveland Clinic in 1964 with a report on 23 living patients, we had one of the largest series of kidney transplants in the world (6) . I visited Jean Hamburger in Paris and he had 20 living cases at that time. Perhaps our most important contribution was the demonstration that transplanted kidneys could recover from ischemic tubular necrosis, if their new owner was sufficiently maintained with dialysis (I have just learned from Dr. Thomas Starzl that one of the early group of patients is still alive and well after over 25 years).
We did 29 cadaver kidney transplants versus 15 kidney transplants from living donors. A cadaver kidney has a chance of having tubular necrosis, but in many cases, this is reversible. Dialysis must be continued during the period of renal shutdown, which may last as long as three weeks. Subsequently, we have seen full recovery of renal function after as long as 120 days.
The future of the artificial kidney will see a decline in its use for treatment of chronic renal failure. Since most of us have two normal kidneys, we could give one away for a transplant to our fellowmen.
For those who reject a transplant, they can fall back on the artificial kidney or peritoneal dialysis (7, 8) , but the overall use of artificial kidneys and peritoneal dialysis will probably no longer increase and will very likely decline.
Plasmapheresis
The wearable artificial kidney is particularly appropriate for use in plasmapheresis. My associate, Dr. Udipi Shettigar, has developed cascade plasmapheresis where he first separates plasma from the blood, and then he can do all kinds of things with the plasma without damaging the blood cells (9) .
For instance, Dr. Shettigar can plasmapherese it again by another membrane and retain the immunoglobulins and return everything else to the patient, 342 except the specific immunoglobulin that he wants to remove. The United States is way behind in the application of plasmapheresis. I blame this on the fact that there is too much insistence upon doubleblind studies. These were usually conducted with "under" pheresis, meaning the plasmapheresis was not done long enough, not often enough, and that the course was stopped too soon. Of course under those conditions, one would have to expect poor results. With the exception of the Cleveland Clinic (Drs. Paul Malchesky and Yuki Nose), and perhaps in a few other places, the United States is behind in using plasmapheresis compared to Europe and Japan.
